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A^THOpAIWA)P2»A]Et^TUSFORGRINDI^^ 

The invention coacems a metfiod wid apparatus for grinding. In particular, it relates to an 
Impmvement in a process called creep-feed grinding by means of which a very high naaterial 
5 removal rate ("MRR'O is achieved. 

The invention is particularly usefiil in removing material for particularly difficult to machine 
materials, for example, titaiuum alloy. The known processes of removing material are 
convGntionally achieved by milling or broaching. How/evers eaob process has particular 
10 disadvantages for example, when milling titanium alloys the cycle time is relatively long and 
the consumable cost per item is increased because the milling cutter itself machines relatrvely 
few parts before requirlti^ refurbishment. Therefore, the geometricaf quali^ can sometimes 
be a^ected* particularly when dealing "with connplex fbrms. 

15 The use of broaching materials such as tttoniuro alloys is more common but there are 
significant set-up costs and refurbishmmts costs. Furthermore, the cqonponeni can be 
subjected to higher cutting forces during removal of the materials. 

It is known to grind tough materials, but only when there is a very small amount of materia] - 
20 to be removed. Such a grinding process uses a silicon carbide abrasive whael typs; to grind 
the component at very low removal rates and is, therefore, considered to be suitable only as a 
finishing process because the cycle times would be prohibitive for any other use. 

The inventors have gone against conventional thinking by producing a high speed grinding 
25 apparatus^ which overcomes^ or at least mitigates tiie problems of the prior art. 

According to a first aspect of the present Invention there is provided apparatus for high speed 
grinding comprising a diamond bonded abrasive wheel, drive means for mounting and 
rotating the grinding wheel at peripheral speeds up to about 200 mJs, and a liquid coolant 
30 supply system including deiiveiy means for directing liquid coolant to the point of grinding 
contact 
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^ AcconUng to an optional ftatore of this embodiment the delivery means is a nozzle arranged 

to direct a jet of liquid coolant at the point of grinding contact in a direction substantiaUy 
tan^snfal to die wtaeeL 

5 Ahematively, delivery means is provided ttooueh the grinding wheel, wbicli delivery means 
comprises a plurality of channels for connectins an interior chamber to the exterior surfece of 
the grinding wheel. 

In some embodiments, the plurality of channels is provided by radial slots ftnned in the 
. 10 grinding wheel. Preferably, the liquid coolant is supplied to the chamber. More preferably, 
the liquid coolant supplied to the internal chamber is directed within the chamber by guide 
means towards the point of giindtag contact 

According to another optional feature of this aspect of the invention, there frrther comprises 
15 a second nozzle to direct a jet of Hquid coolant to the poripheiy of the wheel to dean the 
wheel surfiice. 

In one class of anbodiments, the liquid coolant ssupply system in use, deHvers liquid coolant 
to the chamber at A pressure ofbetwcenO to 100 Bar, Preferably, the jet of liquid coolaniis 
ZO supplied to the second nozzle at a pressure in excess of 40 Bar. 

Optionally, the jet of liquid coolant to clean the wheel Is directed at a point spaced from the 
contact zone. Preferably, the second nozzle means is arranged to direct a jet of liquid coolant 
away from the grilkdblg contact m a substantially radial direction to the wheel. 

25 

According to a fiirther opticHial feature of diis aspect of flic Invention, there further comprfees 
a controller to control the rotational speed of the grtading wheel and select a contact zone to 
supply the liquid coolant. 

30 The grinding wheel may be composed of diamond bonded abrasive wheel in either a resin, 
galvanic, vitrified or metal bonded constructitm. 

A second aspect of the invention comprises a method of canying out a grinding operation on 
a work piece at a high material removal rate mcluding the steps of (i) setting up the grindhig 
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wheel for a series of cuts of potentially different depths either "up cut" or "down cut" 
grinding; (ii) selecting the nozzle zone; (ili) setting up the apparatus to direct liquid coolant at 
flie grinding contac* point; and (Iv) grinding the work piece by itrtating the grinding wheel at 
peripheral speeds in excess of 10 m/s. There may further comprisB the step of movmg the 
5 table speed in excess of about 2 m per minute. 

A third aspect of tiie inVMtlon provides a oontroUer for controlling high speed grinding 
apparatus^ which controller comprises a central processor, a manual input means and ^parate 
means contzolled by said central processor for controlling individually the liquid coolant 
10 supply to the delivery means at the point of grinding contact and/or to clean the grinding 
wheel. Eh-B&iably, the means for contrQlJing the liquid coolant supply Is a matrix of valves 
within the liquid coolant delivery system. 

A feurth aspect of the inventlcM] provides a control system for controlimg the operation of an 
15 apparatus oompilsing the ^ps of (a) activathig the liquid coolant supply; (b) selecting 
rotational speed of grinding wheel; (c) selecting the nozzle zone <d) actfvadng grinding cycle; 
and (e) tetminatjng tiie liquid coolant supply. 

Exemplary embodiments of the invention will now be described in greater detail, by way of 
20 example only, with refo'ence to the arrangements illustrated in the accompanying drawings in 



FIGURE ] is a schematic diagram illustrating one embodiment of the mvention; 

25 FIGURE 2 is a top plan view lllusti«ing alternative positions of the coolant nozzle; 

FIGURE 3 is a perspective view of a fifth embodiment of the invention; 

FIGURE 4 is a cross section view of the grinding wheel assembly of the embodiment shown 
30 in Figure 3; and 

FIGURE 5 is a flow diagram illustrating one embodlmwt of the controller for controlling the 
grinding wheel and delivery means. 



which: 
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For the purpose of illustrating the principles of a grinding process incoiporafing the 
invention. Figure 1 shows a grinding apparatus according to one embodiment of the 
invention. The grinding apparatus comprises a grind wheel 10 rotating in the direction of 
arrow 16 (Figure 2) while a workpiece 11 is fed past the wheel 10 in the relatiYe direction of 
5 arrow 17. la the illustrated example, this produces an operation known in the art as "down" 
grinding in a contact region generaJly indicated a3 9, whereby the grinding action occurs 
dwing the downward movement of the grinding wheel relative the workpiece. Of course, the 
apparatus can operate an ^'up'* grinding process without departmg from the scope of 
invention. 

10 

Essentially die process of the invention is to grind a feature in one or more passes, using a set 
of parameters (set out below) to facilitate the highest possible material removal rate, whilst 
producing the worlqpiece to a satisfactory geometric and metallurgical cortdition. The 
workpiece to be machined is fixed to a surface table, which is fed past the rotating grinding 
15 wheel at a constant speed. The material removal rate is set by the cutting depth and the 
transverse speed. This is determined in combination with a number of other variable factors, 
for example, peripheral speed of the Ending whed, the grinding wheel specification, ihe size 
. and type of profile ,being machined, Ihe. coolant type, pressure and flow available. It is 
envisaged these fectors are variable according to tihe requirements of die ground component. 

20 

The type and composition of the wheel is chosen for the type of material to be ground for the 
most acceptable balance between material removal rate and wheel wear. 

Turning again to the embodhnent of Figure 1, the grinding wheel 10 is mounted on a rotary 
25 spindle 8 carried by a tool head or chuck 7 which may be part of a standard multi-axis 
machme, or any other madune adapted to carry out the process. The workpiece 1 1 is held by 
means of a mountuig fixture 12 and can be moved in up to five degrees of fteedom. 
Prefe-ably, the mounting fixtme 12 is mounted on a rotaiy axis table 13, wMch in turn is 
mounted on a tilt axis 14. 



30 




The wheel is cfi5>able of running as n multi-pass process, although it is primarily intended to 
be a "one-pass" grinding process^ so the width of the grmding wheel is, of course, determined 
by Ihe corresponding width of the ground surface required. No significant variation of results 
have been found using grinding wheels in a prcrfcrred width range of 3 mm to 50 mm 



uia20i.r 



30. JUL. 2002 19:32 



H L B B 01788 540783 



NO. 2753 P. B 



s 



providing the surface speed is maifitalned constant Of course, other widths of wheel caxi be 
used without departing ftom the scope of ipvention and the invention may be ^pected to 
produce beneficial results regardless of the width of the grinding wheeL 

5 In a prefenred embodiraent, the range of values of surfeoe speed for the type of grinding 
wheel employed is from about 30 metres per second up to about 100 metres per second. 
Wheels of various diameters give coji^stent results providbig surfece speed is matched with 
- the oth^ parameters described above. In the illustrated embodiment, the diameter of 
grinding wheel used is up to approximately 300 mm, although the dUmeter of the wheel 
10 could be larger by a(^usting the machmery to maintain physical clearance Li operative 
region of file machine. 

It is preferred to use a cKamond bonded abrasive wheel of either reshi, galvanised, vitrified or 
metal bpond. Such super abrasive grindhig wheels that utilise a m^Uic constmctipn are 
I S usually only limhed in their rotational speed by machine tool constrsdnt 

» 

The embodiment shown h) Figure 1 further comprises a cooiani system to direct a jet of 
coolant at high pressure to the point (or zone) of grhiding contact The of liquid coolant, 
preferably water-soluble oil, is directed through ndzzle 5 at an aiming point 19 on the 
20 periphery wheel 10, The nozzle 5 is the outlet of a closed-loop coolant deliVeiy, collection 
and fatration system. Spent coolant ejected from die wheel is collected In a sump 15^ in the 
lower part of the machine, and drawn-off through a filtration system 1 to remove debris cf a 
particle size, typically in excess of 0.05 mm. 

25 Integral witfi the filtration system 1 is a high-pressure pump system 22a, which delivers 
coolant under pressure through outlet means 4 to the delivery nozzle S, which noz2:le is 
detachably connected to the outlet means. In the illustrated embodiment the coolant supply is 
delivered via the outlet 4 at a pressure of up co 100 bw, typically 70 bar, at a flow rate of 
between about 60 and 120 litres per minute. A significant improvement is achieved by using 

30 a coolant delivered within a range of pressure from about 30 Bar to about 1 00 Bar. 

The nozzle 5 Is positioned close to the periphery wheel 10 to deliver the high-pressure Jet 18 
of coolant at the vdieel in a substantially ladial direction to the wheel choumferBnce at a point 
. outside the contact zone ort woricplece 1 1 . The nozzle 5 Is constructed aid arranged to direct 
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^ » jet of coolant fluid in a direction perpendicular to the periphery of the wheel at tfie hnpaot 

point across the full width of the wheel. 

The nozzle 5 outlet design, size and shape will vary according to wheel profile, and desired 
5 pressure and flow of coolant Thus, the Orifice can direct a jet of coolant in the shape of a 
sheet, fen or cylinder at the periphery of the wheel to obtain substantially even distribution of 
coolant across the width of the wheel. 

If a wheel 10 of dififertnt Width is employed the coolant nrazle 5 is also changed to mate*. 

10 For example, where a grinding wheel much wider than the width of a sfaigle nozile is uied, 
then two such nozzles may be mounted sldcby-side to produce » conifained cleaning jet 
spanning die Whole width of the wheel. In some embodiments, two noazles are preferred to a 
single double-vwdth nozzle to avoid the need to change 4b nozzles to suit ttie wheel, because 
In a double nozzle atiangement one of the nozzles may be fed thrau^ an on-off vaire so that 

1 5 when a narrower wheal replaces the wider one, then the supply to one of the nozzles Is turned 
off to avoid wastage. 

Figure 2 shows three possible positions A. B. C to position the nozzle 5 so that the unpad 
point of the jet is pioximHte flie grinding pourt. A.pair of convergent lines 20, 21 shows the 
20 Excluded angle between these two. Unes 20, 21 to define the cbcumferential position of the 
iiRF^ point of jet 18. Tb© prhnaiy function of nozzle-5 is to clean flie surface of the 
grinc&ig wheel to ensure the abra»vo grain is as clean as possible when it reaches die contw^t 
r^on9. 

25 Additionally, or alternatively, there Is fiirther provided a second high pressure pump sysKm 
22a integral wiifa the fdtration system which delivers coolant under pressure through a second 
oudet means 3 to a second delivery nozzle 6. In the illustrated embodiment, the coolant 
supply is deUvered via the outlet 3 at a pressure of up to 100 bar, typically 70 bar, at a Bci^ 
■ ■ late of between about 60 and 150 litres per minute. For illustration purposes, two high- 

30 preasiue pumps 22a and 22b have been shown but a single larger pump could be used hwtead. 

The purpose of nozzle 6 is to deliver a high-pressure jet 26 of coolant to quench or cool the 
component and/or lubricatmg the contact zone at or very close to the contact region 9. This is 
aclueved by directing the coolant nozzle 6 hi one of four ways. 

UK120I r 
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In the first embodimem shown In Figure 1, the coolant ngzzle 6, operating in one of flie 
preferred ways of coolant delivery, delivers the coolant into the rotary spindle by aiming the 
coolant nbzzle 6 at the rotary spindle 8. The rotary spindle 5 is manufactured with a plurality 
5 of slots 28 and a central chamber (not shown) to allow coolant to flow into it and direct 
coolant down to the grinding wheel 10. The grinding wheel 10 incorporates internal channels 
29 allowing the coolant to flow to the periphery of the wheel. 



Alternatively, a second embodiment using a '^through spindle coolant** delivery process is 
10 u^ed. The delivery is achieved by passing coolant throu^ the centre of the tool head 7. 
Through the rotary spindle 8» and is carried under pressure and through centrifugal force to the 
periphery of the wheel via internal channels within the grinding whceL The volume of 
coolant requited to achieve the desired affect of coolmg and lubricating is depwident upon* 
among other variables, the size of tl» wheel 10 (both diameter and width), the wheel speed 
1 5 and the feed rate of the material 1 1 through the contact area 9. 



A ftird Bmbodiment employs a coolant deliveiy process vAich is achieved by aiming the 
coolant nozzle 6 onto the top surface of the grinding wheel 10 and optionally irom 
underneath lo supply coolant into the wheel cavity. The grinding wheel 1 0 is manufaaured 
20 wiA an Gq}Osed cwfty that collects the coolant and the construction of flie wheel would 
allow the coolant to flow tiirough to the periphery. This enables the contact area 9 to be 
cooled and lubricated as required. 

A fourth embodiment uses a process shown in Figure 2, For simple profiles on the grinding 
25 wheel the high-pressure coolant jet 24 or 26 could be delivered at the wheel 1 0 circumference 
at a point inside the contact zone indicated by 25 and 27 respectively. Depending which of 
the two points was deemed to be more effective the nozzle 6 would be positioned in one of 
the two positions 23 as illustrated. 

30 A fifth embodiment will now be described by reference to Figures 3 and 4 which shows how 
a number of coolant supplies are directed into the centre of the grinding wheel, and 
optionally^ a high pressure supply is supplied through a single nozzle 5 onto the externa) 
surface of the grinding wheel to assist in cleaxiing the wheeL The grinding wheel 110 
comprises an internal chamber 40 and a plurality of channels 30 for fluid communication 
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^ between the Internal chamber 40 and the external surface 31 of the grinding wheel 110. 

Preferably the channels are pnsvlded by slots, which are approxiinately 1 to 3 mm wide. In 
some embodhnents, the slots are shaped or angled. Alternatively a mesh is employed, for 
exiotiplc inths form of a honeycomb. 

5 

The coolant is supplied to the internal chamber 40 by one or more supply pipes and passes 
through the channels 30 to the point (or zone) of grinding contact 

In this embodiment, there comprise four, coolant supply pipes 32, 34, 36, 38. The controller 
10 controls the coolajit supply to each of the pipes, described in more detail below. Preferably, 
each of the pipes supplies fluid to a diffei»rt zone of die Internal chamber, so tbai coolant can 
be supplied to that part of the wheel that is in grinding contact with the oomponent. 

Figurt 4 illustmte? a cross-sectlon.of the grinding wheel 1 10 in pnore detail. Channels 42, 44, 
.15 46 and 48» which are connected to pipes 32, 34, 36 and 38 respecrively. supply the four 
zones. Preferably the channels 42, 44, 46 and 48 are angled in the direction of rotation of the , 
grinding vi^ieel, so that the coolant is supplied to the Internal chamber wdi minimal 
• resistance to the grinding wheel. The contioller uses information, such as the rotational 
■ directioat and speed of the wheel and tihe grinding pointi to determine and select the 
•20 ■ appropriate zone to use as the coolant supply. Thus, the supply of the coolant to the internal 
\ . chamlwr, and onwards to the periphciyofthe grinding wheel through the slots, is controlled. 

Pieferably, a matrix of valves controlled by the controller Is used to control supply to the 
pipes 32. 34, 36 and 38. 

25 

Figute 5 illustrates a flow diagram fiar controlling the coolant system. The controller is 
provided with a central processor, manual input means Ihrough which specific instructions 
can be programmed and a display, which indicates useflil Information to the machine 
operator. The central processor and the display can display and will allow selection of 
30 operational rafoimatlon such as the wheel 1 10, and various other parametCTs 112 (shown in 
Figure 5) including the rotational speed of the grinding wheel and the pressure of die or each 
nozzle. Such information can be provided through sensors or other suitable means known in 
fte art The controUer controls the flow rate of the coolant to the point of grinding contact 
and/or the rotational ^eed of fee grinding wheel. These parameters 110, such as the position 

UKiaoi i 
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9nd ^ed of the grinding wheel coolant fiys^m can be input manually or a specific 
prewritten programme can be loaded into the central prpcessor for control of the apparatus. 
Also, control of fte changeover of the machine fiom one component to another can be the 
result of a prewritten programme or manual hipvt signal 

5 

With the ^grinding cycle" software, there will be a prompt to allow for the internal coolajit 
Supply to he delivered into the centre of the wheel ftorn underneath shown hi Figure 4* The 
prompt will allow selection 100 of one of the four zones or any combination to be used (but 
this number of four should not be treated as absolute) which is controlled through the valve 
10 matrix. Tlie contioller will also select 102 the external nozzle 5 and activateTt 104 together 
with the coolant supply 106. The grinding cycle 114 Is commenced and the work piece 
ground Into its final fomi. The cycle is ended 116 and the machine returned to Its safe 
position 1 1 8 for removal of the woric piece. 

15 By Implying this method of coolant application, it H possible to control the area on the 
paripheiy of the grinding from which the majority of csoolant will flow. By being able to. 
control this, it increases the effect of lubrication and cooling in the contact zone. 

Also, with the controller, the display will include a prompt to activate the coolant applied 
20 externally to tiie surface of the grinding wheel This will be operated via an "M" code within ' 
the control ^stem and will automatically switch on the coolant pvunp. 

The present invention is carried Into practice in one class of embodiments by using a multi- 
axis milling machine adapted to operate using a grinding wheel in place of the normaJ milling 

25 cutter, A main reason &r using a multi-axis machine of this kind is its ability to reproduce 
complex surface profiles on the ground workpiece, although this particular topic is outside 
the scope of the present invention. It is to be understood, therefore, that the relative motions 
of the grinding wheel and workpiece may be compound movements* notwithstanding that ibr 
slmplicily the accompanying drawing represents such relative movement aa rectilinear, 

30 Alternatively, the invention can be supplied and fitted to existing machines on a retrofit basis. 

Modifications may be hicorporated without departing from the scope of the present invention 
as defined in the accompanying claims. 
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^ Written into the coTjtrpl system wUI be a "wheel change" routine that will auusmatically cany 
out a number of tasks to ensure the "roufines" are completed prior to wheels ohwilpng. For 
example, the wheel will stop rotating, ihe coolant mechanism wll move to the "park" 
position, the cool?int pump(s) would stop. This is carried ont automatically in an attempt to 
5 avoid unnecessaiy coUi»»ns. 

The invention, by providing a unique and highly optimised method of coolant delivay, has 
allowed component "cooling", grinding v^eel "cleaning** and contact hibrication to be 
maximised. In turn this has greatly assisted hi achieving veiy high material removai mtes. 
10 and good srindtag wheel life. By controlling the paratneters, we have also been able to 
coiitn>) liiB mechanical loads wi component aiid wheel and have discqveied a small window 
that allows extreme MMR' to be achieved. 




IS 
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CLAIMS 



1. 

S 

2, 

10 

3. 

15 

S. 

20 

& 

25 

7. 

30 8. 



Apparatus for high speed grinding comprising a diamond bonded abrasive wheel 
drive means for mounting and rotating the grinding wheel at peripheral speeds up to 
appiosdmately 200 m/s, and a liquid coolant supply system including delivery means 
for db^ting liquid coolant to the point of grinding contact 

Appatams as olaimed m claim 1 whea^ said delivery means is a nozzle arranged to 
direct a jet of liquid coolant at the point of grinding contact in a substantially 
tangential direction to Ae wbeeL 

Apparatus as cJ^ihed in claim 1, wherein delivery means is provided through the 
grinding wheel, which dcliveiy means comprises a plurality of channels for 
connecting an interior chamber to the exterior sur&ce of the grinding wheeL 

Apparams as clamicd in claijEn 3 wherein the plurality of charmels is provided by 
radial slots formed in the grinding Wheel. 

Apparatus as claimed hi claim 3 or claim 4 wherein the liquid coolant is supplied to 
the chamber. 

Apparatus ^ claimed in claim 5, wherein the liquid coolant supplied to the internal 
chamber is diluted within the chamber by guide means towards the point of grinding 
contact. 

Apparatus as claimed in any of claims 1 to 6 wherein there fhrther comprises second 
nozzle to direct a jet of liquid coolant to the periphery of the wheel to clean the 
surface of the wheel. 

Appaiatus as claimed in any of clauns 1 to 7 wherein ttie liqoid coolant supply system 
In use, delivers liquid coolant to the chamber at a pressure of between 0 to 1 00 Bar. 

Apparatus as clauned in clmm 8 wh^in the jet of liquid coolant is supplied to the 
second nozzle at a pressure in excess of 40 Bar, 
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10. Apparatus as claimed in claim 8 or claim 9 wherein the Jet of liquid coolant to clean 
ttie -wheel is directBd at a point spaced fitnn the contact zone. 

5 1 1. Apparttus as claimed in claim JO whereto the second nozzle means is arranged to 
direct a jet of liquid coolant away from the grinding contact In a subsstantiaUy radial 
direction to the wheel. 

12. Apparams as clauned in any preceding claim, wherein there fiirther comprises a 
10 ooDtroller to ccmbol the rotaiional speed of the grinding wheel and select a contact 

zone to supply tiie liquid coolant 

13. Apparatus as claimed In any preceding claim whwein the grinding wheel is composed 
of diamond bonded abrasive wheel in either a resin, galvanl<i vitrifiBd or metal 

15 bonded constmction. 

I 

t 

14. Apparatus for high speed grinding comprising a multi-axis machining centre 
indudhig an automatic tool changer and apparatus as claimed in any preceding claim. 

20 15. Apparatus as claimed m claim 14 wherein the delivery means is moveable in response 
to a tool change operation. 

li. A method of carrying out a grinding operation on a woricpiecc at a higii material 
removal rate Ifloluding the steps of (I) setting up the grinding wheel for a series of cuts 
25 of potentially difFerenl depths either "up cut" or "down cut" grinding (ii) selecting 

ttie nozzle zone; (iii) setting up fte apparatus to direct liquid coolant at the grindmg 
contact poim; and (iv) grinding the woikpiece by rotating the grinding whe^l at 
peripheral speeds in excess of 1 Q mJs. 

30 17. A method as claimed to clwm 16 fiirthef comprismg the step of movhig the table 
speed m excess of about 2 m per mtoute. 

18. A controller for controlltog high speed grinding apparatus as claimed m any of claims 
1 to 11, whidi controller comprising a central processor, a manual input means and 
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sepajHte means controlled by said central isrocessor for controlling individually the 
liquid coolant supply to Oie delivery means at the point of grinding contact and/or io 
dean fhs grinding wheel. 

S 19. A controller 95 claimed in claim 18 wherein the means Ibr controUmg the liquitl 
coolant supply Is a mabXK of valves within the liquid coolant delivery system. 

20. A control ^stem for controlling the operation of an apparatus as claimed in any of 
claims 1 to 13 comprising the steps of (a) activating the liquid coolant suj^ly: (b) 
10 selecting rotational s^eed of grinding wheel; (c) selecting the nozzle zone (d) 

activating grinding cycle; and (e) terminating the liquid coolant supply. 

21- Apparatus for high speed grinding substantially as hereinbefore described by 
reference to and as illustrated in Figure 1 or Figure 4. 



22. Apparatus tor bigb speed grinding substantially as bereinbefbre described. 

23. A method of caxiying out a grinding operation on a woricpieoe substantially as 
hereinbefore described. 
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ABSTRACT 

Apparatus for high speed grinding, comprising a diamond-bonded abrasive wheel, drive 
5 means for moimtiisg and rotating the grinding wheel at peripheral speeds up to approximately 
200 m/s, and a liquid coolant supply system Including delivoy means for directing liquud 
coolant to the point of grinding contact 
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